The production of single photons has been studied in the reaction e + e , ! + invisible particles at centre-of-mass energies of 183 GeV and 189 GeV. A previously published analysis of events with multi-photon nal states accompanied by missing energy has been updated with 189 GeV data. The data were collected with the DELPHI detector and correspond to integrated luminosities of about 51 pb ,1 and 158 pb ,1 at the two energies. The number of light neutrino families is measured to be 2:84 0:15stat 0:14syst. The absence of an excess of events beyond that expected from Standard Model processes is used to set limits on new physics as described by supersymmetric and composite models. A limit on the gravitational scale is also determined.
Introduction
At LEP2, the Standard Model predicts that events with one or more photons and invisible particles are produced exclusively by the reaction e + e , ! which receives a contribution from Z-exchange in the s-channel with single-or multi-photon emission from the initial state electrons and from the t-channel W exchange, with the photons radiated from the beam electrons or the exchanged W.
Beyond the Standard Model, contributions to the + missing energy nal state could come from a new generation of neutrinos, from the radiative production of some new particle, stable or unstable, weakly interacting or decaying into a photon. Theories of supersymmetry SUSY predict the existence of particles, such as the neutralino, which would produce a nal state with missing energy and a photon if the lightest neutralino decays intoG with an essentially massless gravitino 1,2 and several results have been published on the search for e + e , !G~ 0 1 !GG 3 5 . If the gravitino is the only supersymmetric particle light enough to be produced, the expected cross-section for e + e , !GG can instead be used to set a lower limit on the gravitino mass 6 .
Also in the same SUSY theoretical framework, multi-photon nal states with missing energy could be a signature for neutralino pair-production, i.e. reactions of type e + e , ! 0 1~ 0 1 !G G 1,2 and e + e , !~ 0 2~ 0 2 !~ 0 1 ~ 0 1 7 . In the case of long neutralino lifetimes the photons would not originate at the beam interaction region and could have a large impact parameter. For mean decay paths comparable to the detector scale, events with a single photon not pointing to the interaction region are expected.
In the study presented here, the single-and the multi-photon nal states at LEP2 are used to explore the existence of possible new particles. After a brief description of the detectors used in the analysis and the selection criteria, a measurement of the number of neutrino families is made and limits on non-Standard Model physics, such a s high-dimensional gravitons 8,9 , compositeness 10 and supersymmetric particles, are presented.
This paper describes the analysis of single photon events collected by DELPHI at centre-of-mass energies p s of 183 GeV and 189 GeV at LEP during 1997 and 1998.
The integrated luminosities at these energies were 51 pb ,1 and 158 pb ,1 respectively. Single non-pointing photons and multi-photon events have also been studied, but in this case the analysis is restricted to the data taken at p s = 189 GeV, since the results obtained at lower energies have already been published elsewhere 11 . The limits set on new phenomena take i n to account the lower energy data.
The DELPHI detector
The general criteria for the selection of events are based mainly on the electromagnetic calorimeters and the tracking system of the DELPHI detector 12 . All three major electromagnetic calorimeters in DELPHI, the High density Projection Chamber HPC, the Forward ElectroMagnetic Calorimeter FEMC and the Small angle TIle Calorimeter STIC, have been used in the single-photon reconstruction. The barrel region is covered by the HPC, which is a gas sampling calorimeter able to sample a shower nine times longitudinally. The FEMC is made up of an array of 4532 lead glass blocks in each endcap. The energy resolution of this calorimeter is degraded by the material in front of it, which causes photon conversions and even preshowers. The very forward luminosity monitor STIC 13 consists of two cylindrical lead-scintillator calorimeters read out by w avelengthshifting bres. Two l a yers of scintillators mounted on the front o f e a c h STIC calorimeter 2 together with a smaller ringshaped scintillator mounted directly on the beampipe, provide e , separation. The angular coverages of these calorimeters and the energy resolutions are given in Table 1 and the detailed characteristics and performances are described in 12 .
Three di erent triggers are used in DELPHI to select single-photon events. The HPC trigger for purely neutral nal states uses a plane of scintillators inserted into one of the HPC sampling gaps at a depth of around 4.5 radiation lengths. A second level trigger decision is produced from the signals of analog electronics and is based on a coincidence pattern inside the HPC module. The trigger e ciency has been measured with Compton and Bhabha events. It is strongly dependent on the photon energy, E , rising steeply up to 12 GeV, with about 30 e ciency at 4 GeV and above 80 when E 30 GeV. It reaches a maximum of 87 at E ' E beam . This e ciency does not include losses due to the cracks between modules of the HPC detector. The FEMC trigger requires an energy deposition of at least 2.5 GeV. The e ciency increases with energy and is 97 at 18 GeV. Correlated noise in several adjacent c hannels causes fake triggers, but these can be rejected o ine with high e ciency by algorithms that take i n to account the lead glass shower pattern. The STIC trigger requires an energy deposition of at least 15 GeV and reaches maximum e ciency at 30 GeV. The trigger e ciency has been measured with samples of photons from e + e , andevents. The e ciency varied between 74 and 27 over the angular region used in the analysis.
In addition to the electromagnetic calorimeters, the DELPHI tracking system was used to reject events in which c harged particles are produced. The main tracking devices are the Time Projection Chamber TPC and the microVertex silicon Detector VD and its extension into the forward region, the Very Forward Tracker VFT. The silicon trackers are also used for electron photon separation by v etoing photon candidates which can be associated with hits in these detectors.
Finally, the Hadron CALorimeter HCAL and its cathode-read-out system were used to reject cosmic rays and to provide photon hadron separation, while the DELPHI Hermeticity T aggers were used to ensure complete detector hermeticity for additional neutral particles.
Type
Angular 3 Event selection
Single-photon events
The basic selection criteria of events were the same for the three electromagnetic calorimeters: no charged particle tracks detected and no electromagnetic showers apart 3 from the tracks and showers caused by the single-photon candidate. However, the details of the selection varied somewhat for the di erent electromagnetic calorimeters:
Events with a photon in the HPC were selected by requiring a shower having an energy above 6 GeV and a polar angle, , b e t ween 45 and 135 and no charged particle tracks. The shower was required to satisfy conditions de ning a good electromagnetic shape 4 . Background from radiative Bhabha events and Compton events were rejected by requiring no other electromagnetic showers in the event unless they were in the HPC and within 20 of the rst one. Cosmic rays were rejected mainly by the hadron calorimeter. If there were two or more hadronic showers the event was discarded and if only one HCAL shower was present, the event w as rejected if the shower was not consistent with being caused by punch-through of the electromagnetic shower. A constraint on the direction was imposed, requiring that the line of ight from the mean interaction point and the shower direction measured in the calorimeter coincided within 15 . Also the requirement o f n o c harged particles removed cosmic ray background. The photon identi cation e ciency depended on the criteria applied to require a good electromagnetic shower. It was determined on the basis of a Monte Carlo sample of events passed through the complete simulation of the DELPHI detector 14 . The e ciency also depended on the photon energy and it ranged from 45 at 6 GeV to 71 for E 15 GeV.
Events with at least one shower in the FEMC with an energy above 18 GeV and a polar angle in the intervals 12 32 or 148 168 were also selected. Showers in the inner and outer radial parts of the FEMC were discarded because of the large amount of material about 2X 0 in front of the FEMC due to the STIC and the TPC detectors. In order to separate electrons from photons, the FEMC shower was extrapolated to the interaction point and the event w as rejected if hits in the silicon microvertex detectors VD and VFT could be associated with the shower. The material in front of the FEMC meant that about half of the photons preshowered before reaching the calorimeter. Most of the preshower was contained in a cone of about 15 around the largest shower and the selection took this into account by requiring no charged particle tracks, no other electromagnetic showers and no hadronic showers outside a 15 cone. If there were no charged particle tracks inside the cone either, i.e., the photon had not preshowered, it was required that only one FEMC shower was present in the event. If, on the other hand, charged particle tracks were present in the cone, more FEMC showers were allowed and their momentum vectors were added to that of the largest shower. The requirement of no electromagnetic showers outside the cone greatly reduced the background of radiative Bhabha and Compton events by rejecting events that had one or both electrons in the acceptance of the experiment. Events due to cosmic rays were rejected by the requirement of no hadronic showers outside the cone. Inside the cone, hadronic energy was allowed only in the rst layer of the HCAL. Most reconstruction and event selection e ciencies in the analysis were taken into account b y using Monte Carlo samples passed through the extensive detector simulation package of DELPHI 14 . Some e ciencies, however, were determined from data. In particular, the requirements of no electromagnetic or hadronic showers and no charged particles were studied. A sample of events triggered at random and a sample of back-to-back Bhabha events with the electrons in the STIC were used for this purpose. It was found that noise and machine background caused showers and tracks which w ould veto about 14 of the good single-photon events. 4 Single photons in the STIC were preselected by requiring one shower with an energy of at least 27 GeV in one of the two STIC calorimeters and with 3:8 8 or 172 176:2 and no other electromagnetic showers, no hadronic showers and no charged particles in the event. It was furthermore required that all single-photon candidates had satis ed the STIC single-photon trigger and that there was no signal in at least one of the two scintillator planes in front of the shower. A requirement of no signal in the small scintillators mounted on the beampipe made it possible to reject some of the radiative ee background. In spite of the scintillator requirements, the huge background of o -energy electrons made it necessary to introduce adependent energy cut in such a w ay that x 9:2 , =9 for 6:5 where
The trigger e ciency in the STIC acceptance was discussed in Section 2. The o ine photon identi cation and reconstruction resulted in an additional loss of 5 of the photons. The selection of events with no shower in the STIC and no tracks implied similar losses to those found in the FEMC analysis and were estimated with the same methods.
Non-pointing single-photon events
The ne granularity of the HPC calorimeter provided a precise reconstruction of the axis direction in electromagnetic showers. This feature was used to select events with a single photon whose ight direction did not point to the beam interaction region. Events with a single non-pointing photon are expected when two neutral particles with large mean decay paths 4 m are produced which subsequently decay i n to a photon and an invisible particle.
Events of this kind were searched for by requiring one photon in the HPC calorimeter with E 10 GeV and impact parameter exceeding 40 cm. Cosmic ray e v ents, which represent the main experimental background, were largely reduced by v etoing on isolated hits or tracks in the Hermeticity T aggers and signals from the cathode-read-out system of the hadron calorimeter. More details on the precise event selection can be found in 11 , where the analysis of the data samples collected at centre-of-mass energies up to 183 GeV is described. The same analysis has been applied to the data sample taken at 189 GeV.
Multi-photon events
A study of nal states with at least two photons and missing energy at p s = 189 GeV has also been made.
As for non-pointing single photons, the physics motivations and the selection criteria have been discussed in detail in the published paper 11 dedicated to the analysis of the data taken at centre-of-mass energies up to 183 GeV. Here only a brief update of the results is given using the 189 GeV data and the same analysis method.
The selection of multi-photon nal states was, as in the 183 GeV analysis, based on a two-step procedure:
In a rst step all events with missing transverse energy and at least two photons, each with x 0:05 where x = E =E beam , were preselected. Very loose cuts on the polar angle of the photon and acoplanarity w ere adopted for the selection of this sample, which w as used to monitor the modelling of the e + e , ! process by the KORALZ 4.02 generator 15 . In a second step these criteria were tightened in order to improve the experimental sensitivity for possible signals of supersymmetry, such as the e + e , !~ 0 1~ 0 1 !G G or e + e , !~ 0 2~ 0 2 !~ 0 1 ~ 0 1 processes. This was achieved by imposing more stringent requirements on the photon polar angles as well as on the event missing mass and transverse momentum. More details on the event selection can be found in 11 .
4 Real and simulated data samples Apart from the e + e , ! process, single-photon events can be faked by the QED reaction e + e , ! e + e , if the two electrons escape undetected along the beampipe or if the electrons are in the detector acceptance but are not detected by the experiment.
This process has a very high cross-section, decreasing rapidly when the energy E and the polar angle of the photon increase. The behaviour of this QED background together with the rapidly varying e ciencies at low energies are the reasons why di erent energy cuts had to be applied for photons in the three calorimeters. In the nal analysis it was required that x 0:06 HPC and x 0:2 FEMC. In the STIC analysis, the requirement w as x 0:3 for 6:5 8:0 and x 9:2 , =9 for 3:8 6:5 .
The critical parameter in the rejection of the e + e , background is the polar angle at which the electrons start being seen in the STIC detector. This detector reconstructs electrons down to = 2 :2 and in addition, the scintillator counters mounted on the beampipe can be used to reject events with electrons down to 1:8 . Simulations have shown that even at lower angles down to 0:97 a large fraction of the electrons are detectable because they interact with a tungsten shield mounted inside the beampipe and leak enough energy into the STIC to make it possible to reject the events.
The remaining background from the e + e , process was calculated with a Monte Carlo program 16 and two di erent e v ent topologies were observed. Either both electrons were below the STIC acceptance or one of the electrons was in the DELPHI acceptance where it was wrongly identi ed as a photon, and the photon was lost in the cracks between the electromagnetic calorimeters. The rst topology gives background at low photon energy while the second one produces fake photon events at high energy. In the HPC acceptance an analytical calculation 17 was also used to con rm that the e + e , background was negligible.
In the STIC analysis, an additional background is the single electrons produced by interactions between the beam particles and residual gas molecules in the LEP beampipe.
In these e ! e events the photons are always lost in the beampipe while the oenergy electrons are bent i n to the STIC acceptance by the low-beta quadrupoles close to DELPHI. The rate of this background is so large that it was not possible to provide a ,e separation powerful enough to eliminate this background completely. A simulation has been made of o -energy electron production 18 , but it could not be used in the analysis since the vacuum pressure around the LEP ring was not known to the required precision. Instead, a background sample was collected with a trigger similar to the photon trigger except that it did not use the scintillators for photon-electron separation. After applying all the cuts used in the single photon analysis, except the scintillator requirements, this background sample was used to estimate the remaining o -energy electron background.
The contribution from other processes such a s collisions, e + e , ! , cosmic ray events, e + e , ! + , and e + e , ! + , has also been calculated. 6 The
A detailed discussion on the backgrounds for the non-pointing single-photon events and for the multi-photon events is contained in 11 . The nal numbers of expected and observed single-photon events are given in Table 2 and the x spectrum of the selected events at 189 GeV is shown in Figure 1 together with the expected background and the contribution. The single-photon event selection was such that events with more than one photon could survive if the other photons were at low angle 2:2 , low energy E 0.8 GeV or within 3 , 1 5 and 20 from the highest energy photon in the STIC, FEMC and HPC respectively. In total, 546 singlephoton events were observed at 189 GeV and 183 GeV in the three calorimeters, with 570 events expected from known sources. The measured cross-sections calculated from the single-photon events after correcting for background and e ciencies are given in Table 2 . The previously mentioned Monte Carlo programs were used to calculate the expected values of the cross-section of the process e + e , ! inside the acceptance of each of the three detectors used in the analysis. Figure 2 shows the expected behaviour of the cross-section, calculated with NUNUGPV for three neutrino generations, compared with the values measured with the HPC detector at di erent LEP energies. The contributions from various sources to the systematic error in the cross-section measurement are given in Table 3 . The dominant uncertainty comes from the estimation of trigger and detection e ciencies. The calculation of the expected cross-section has a theoretical uncertainty which is approaching 1 with the latest versions of NUNUGPV 19 and KORALZ 15 and this error is thus insigni cant compared with the experimental systematic errors. 8 A measurement of the cross-section of the process e + e , ! determines the number of light neutrino generations, N . DELPHI has previously reported a value of N = 2 :89 0:32 from LEP1 single photon data 20 . The LEP2 cross-section measurements have n o w been compared with the expected cross sections for 2, 3 and 4 neutrino generations, calculated with KORALZ, and the number of neutrino generations has been deduced Table 2 . Averaging the three independent measurements from the three different calorimeters at 183 GeV and 189 GeV, the number of light neutrino generations becomes: The measured cross-sections in the HPC for E 6 GeV at di erent p s compared to the expected for three neutrino generations.
Non-pointing single-photon events and multi-photon events
The numbers of events with a single non-pointing photon or with multi-photon nal states found in the data sample at 189 GeV are compared to Standard Model expectations in Table 4 .
The missing mass spectra for the preselected multi-photon events and the expected contribution from e + e , ! a s s i m ulated with KORALZ are shown in Figure 3 .
The measured missing mass distribution is in good agreement with the simulation. 9 No excess over Standard Model expectations was found in any of the data samples collected at p s = 189 GeV. Hence these data were combined with lower energy data to extract limits on new physics. 6 Limits on new phenomena 6.1 Limits on the production of an unknown neutral state
In many previous analyses 4,20,21 the observed single-photon candidates have been used to set a limit on the probability of the existence of a new particle, X, produced in association with a photon and being stable or decaying into invisible particles. The limit is calculated from the missing mass distribution Figure 4 of the 395 single photon events at 189 GeV in the angular region 3:8 176:2 , while taking into account the expected contributions from the Standard Model. The limit is valid when the intrinsic width of the X particle is negligible compared with the detector resolution the missing mass resolution varies between 10 GeV c 2 at the Z 0 peak to 1 GeV c 2 at high masses. The distributions of the missing mass for the events at 189 GeV in the HPC and in all three calorimeters. The light shaded area is the expected distribution from e + e , ! and the dark shaded area is the total background from other sources.
Right: upper limit at 95 C.L. within the solid angles described for the production of a new unknown stable neutral object .
The upper limit at the 95 con dence level of the cross-section for e + e , ! +X is given in Figure 4 for photons in the HPC region and in all three calorimeters combined. In the latter case an assumption of an ISR-like photon angular distribution has been made to correct for the regions between the calorimeters.
Limits on the production of gravitons
It has been suggested recently 8,9 that gravitational interactions could be uni ed with gauge interactions already at the weak scale if there are extra compact dimensions of space in which only gravity can propagate. The observed weakness of gravitation compared to other forces would be related to the size of the compacti ed extra dimensions. A fundamental mass scale M D is introduced, which is related to the gravitational constant G N and to the size or radius R of the compacti ed space assumed to be a torus by M n+2 D R n = 8 G N ,1 where n is the number of dimensions in addition to the usual 4 dimensional space. With one extra dimension and a fundamental scale of 0.5-1 TeV, the size of this dimension becomes 10 12 ,10 13 m which is excluded by macroscopic measurements. However, already with two extra dimensions, R is in the range 0.5-1.9 mm and with n=6 the size of the dimensions becomes 0.3-0.7 A. In this case the modi cation of the gravitational force would not have been observed in previous gravitational measurements.
The consequence of this model is that at LEP gravity could manifest itself by the production of gravitons G, which themselves would be undetectable by the experiments. Figure 5 . This translates into a limit on the size of the dimensions of R 0:4 mm for n = 2. If the systematic errors are taken into account, the M D -limit for two extra dimensions is reduced by 9 and the limits for n = 4 a n d 6 b y 3.
Limits on compositeness
Composite models predict several new particles which do not exist in the Standard Model. A speci c Preon Model is considered in this analysis 10 . This model considers leptons, quarks and weak bosons as composite particles. Some of the predicted new particles contribute to the cross-section of the process e + e , ! + invisible particles.
At a relatively light mass scale, the model predicts the existence of objects connected with 
Limit on the mass of the gravitino
If the assumption is made that the gravitino is the lightest supersymmetric particle LSP, e + e , !GG may be the only kinematically accessible supersymmetric process at LEP as discussed and computed in 6 . Lower limits on the mass of a light gravitino have been extracted in other LEP measurements 3 , at p p machines 22 and by using astrophysical constraints 23 and g , 2 measurements 24 . 13 To obtain a limit on the gravitino mass mG, the radiative double di erential crosssection d 2 =dx ; dcos given in 6 for the radiative production e + e , !GG , was compared with the observed single photon data. The largest sensitivity is obtained with photons at low energy and or low polar angle. Single photon nal states from the Standard Model process e + e , ! have angular distributions similar to the signal, while the photon energy spectrum exhibits the enhanced characteristic peak due to the radiative return to the Z 0 , a t x = 1 , m Z 2 =s. Therefore, the optimal kinematic region in which to look for the signal is in the low photon energy region, well below the radiative return peak. Since the signal cross-section grows as the sixth power of the centre-of-mass energy, the highest sensitivity is found at the highest beam energy. F or this reason, only the data taken at p s = 189 GeV with the FEMC and the HPC detectors have been used.
The di erent l o w energy regions available to the two calorimeters meant that the HPC events dominated the measurement. Combining the two calorimeters, the same limit of 0:24 pb at 95 C.L. was obtained as in the graviton analysis. This corresponds to a l o wer limit on the gravitino mass which i s mG 10:0 10 ,6 eV=c 2 at 95 C.L. Since the supersymmetry-breaking scale jFj 1 2 is related to the gravitino mass by jFj = q 3 8 =G N mG, the limit on the scale is jFj 1 2 204 GeV. The e ect of the systematic uncertainties on the mG-limit is to lower it by 5. 6.5 Limits on neutralino production ifG is the LSP Supersymmetric models such as the gauge-mediated supersymmetric GMSB model 1 or the no-scale" supergravity model also known as the NLZ model 2 predict that the gravitinoG is the lightest supersymmetric particle LSP. If the next lightest supersymmetric particle NLSP is the neutralino~ 0 1 , both single-photon and multiphoton production can occur at LEP2 via the processes e + e , !G~ 0 1 !GG and e + e , !~ 0 1~ 0 1 !G G . While the rate of the former process is proportional to the inverse of the gravitino mass squared, the di-photon process is independent of the gravitino mass. Consequently, the single-photon process is expected to dominate only for very light gravitinos and calculations done with the NLZ model at p s = 190 GeV predict that e + e , !G~ 0 1 !GG can be observed only if mG 3 10 ,5 eV c 2 2 .
The cross-section limit for e + e , !G~ 0 1 !GG was calculated from the energy distribution of the expected events, generated with SUSYGEN 25 , and the observed single photon events in the angular region 45 135 , after taking into account the expected background from . The expected photon energy distribution from~ 0 1 !G is increasing with increasing neutralino mass m~ and the cut on E was changed with m~ in such a w ay a s t o k eep at least 90 of the signal at all masses. The resulting overall e ciency, including both the energy cut and the geometrical acceptance, varied between 55 and 60 for neutralino masses ranging from 50 to 180 GeV c 2 . The calculated upper limit for the cross-section of the process e + e , !G~ 0 1 !GG is given in Figure 7 for the 189 GeV data alone and after combining the 183 and 189 GeV data using a likelihood ratio method 26 . A branching ratio of 100 for the process~ 0 1 !G was assumed. The In the search for e + e , !~ 0 1~ 0 1 !G G at p s =189 GeV, 5 events were observed with 4.4 expected from e + e , ! , which is the dominant Standard Model background. This brings the total number of events found at p s =130-189 GeV to 7 with 7.1 expected Table 4 . Figure 8 shows the cross-section limit 26 calculated from these events as a function of the~ 0 1 mass assuming a branching ratio of 100 for~ 0 1 !G and the exclusion region in the m~ versus mẽ R plane. The dependence of the signal crosssection on the selectron mass is due to the possibility of t-channel selectron exchange in the production mechanism. As shown in Figure 8 If the gravitino mass is larger than 200-300 eV c 2 , the~ 0 1 can have such a long lifetime that it will decay far from the production point y et within the detector. The signature for this case is photons that do not point to the interaction region. If the decay length is long, the probability to detect both photons is small and therefore single photon events were searched for which had a shower axis reconstructed in the HPC which g a ve a beam crossing point at least 40 cm away from the interaction point 11 . Four events were found at 189 GeV with 5.2 expected, bringing the total at all energies to 6 with 7.9 expected from Standard Model sources Table 4 . Figure 9 shows the cross-section limit as a function of the mean decay path of the neutralino using both the multi-photon events and the non-pointing single photon events. Table 4 . Figure 10 shows the cross-section limit calculated from the events collected at all energies as a function of the~ 0 1 and~ 0 2 masses, assuming a branching ratio of 100 for~ 0 2 !~ 0 1 .
Conclusions
With the 209 pb ,1 of data collected by DELPHI in 1997 and 1998 at centre-of-mass energies of 183 GeV and 189 GeV, a study has been made of the production of events with a single photon in the nal state and no other visible particles. Previous results on single non-pointing photons and on multi-photon nal states have also been updated with 189 GeV data.
The measured single-photon cross-sections are in agreement with the expectations from the Standard Model process e + e , ! and the number of light neutrino families is measured to be: N = 2 :84 0:15stat 0:14syst
The absence of an excess of events with one or more photons in the nal state has been used to set limits on the production of a new unknown model-independent neutral state, a W-type U-boson as described by a composite model, gravitons propagating in high-dimensional space, a light gravitino and neutralinos.
